Signal transduction at vertebrate excitatory synapses involves the activity of 13 ionotropic glutamate receptors, including the AMPA (a-amino-3-hydroxy-5-14 methyl-4-isoaxazole propionate) receptor. Technical advances in cryo-electron 15 microscopy have brought a slew of full-length structures of AMPA receptors, on 16 their own and in combination with auxiliary subunits. These structures illustrate 17 a wide range of conformations, indicating that individual domains might 18 undergo substantial lateral and rotational motions during gating. Here, we used 19 bifunctional methanethiosulfonate cross-linkers to calibrate the conformations 20 that occur in functional AMPA receptors both in the presence and absence of 21 the auxiliary subunit Stargazin. Our data indicate that receptors without 22 auxiliary subunits have considerably more conformational freedom and can get 23 trapped in relaxed conformations. In contrast, Stargazin maintains both 24 activated and desensitized receptors in compact arrangements. Thus, auxiliary 25 subunits not only change the kinetics and trafficking of receptors, but also 26 restrict their structural dynamics. 27
Introduction 28
AMPA-type glutamate receptors are found at excitatory synapses throughout 29 the mammalian brain, where they convert glutamate release into membrane 30 depolarisation. Their fast kinetics (Colquhoun et al., 1992; Geiger et al., 1995; 31 Taschenberger and von Gersdorff, 2000) , as well as the physical attributes of 32 synapses(Xu-Friedman and Regehr, 2003) , allow them to follow glutamate 33 transients at rates above 100 Hz. However, the structural dynamics underlying 34 their rapid signalling are unclear. AMPA receptors are tetrameric ligand-gated 35 ion channels with unique architectural features and loosely coupled structural 36 domains: unstructured linkers connect the amino-and ligand-binding domains 37 (ATDs and LBDs, respectively) forming the extracellular part of the receptor. 38
The LBDs are in turn connected to the transmembrane region (TM) that harbors 39 the integral ion channel (Fig. 1A) . The extracellular domains adopt local dimer The rupture of the LBD intra-dimer interface is a structural hallmark of AMPA 106 receptor desensitization, as shown by biophysical studies based on the 107 structures of isolated dimers of ligand binding domains (Sun et al., 2002; 108 Armstrong et al., 2006) . Some cryo-electron microscopy (cryo-EM) structures 109 of full-length receptors suggest that desensitization might involve further 110 rearrangements of the ligand-binding domains, including separation of the two 111 dimers and 'dilation' of the entire extracellular layer (Fig. 1A) . 112
We attempted to capture this movement between LBDs with bis-MTS cross-113 linkers ranging from 7 to 18 Å in length ( Fig. 1D ). If the LBD layer opened up 114 upon receptor desensitization, this movement should create access for the bis-115 MTS cross-linkers into the inter-dimer space of the LBD layer (orange dots in 116 For the V666C mutant, bis-MTS cross-linkers from 7 to 15 Å in length (M1M-136 M8M; 1 µM), inhibited about 90% of the peak current in the patch after a 1 137 minute application (see Suppl. Table 1 ). The longest (M10M) cross-linker was 138 the slowest one to act (Fig. 2F ), leading to slightly less inhibition (~70%) in the 139 first minute of exposure. The reduction was less pronounced for A665C mutant 140 for all cross-linkers (~50%, Fig. 2E and Suppl. Table 1) . 141
142
Inhibition was overall so profound that we sought to establish that it was 143 specific. Two other factors potentially contribute to the current decrease: non-144 specific run-down of the current and disulfide bonding of the introduced 145 cysteines to each other. Current run-down is particularly difficult to avoid in the 146 long records that we made for these experiments. A665C and V666C sulfhydryl 147 groups were both previously shown to crosslink in the presence of oxidizing 148 agent CuPhen (Salazar et al., 2017; Lau et al., 2013; Yelshanskaya et al., 149 2016) . To account for these confounding factors, we made paired recordings: 150 a patch was first exposed to a 1-minute long trapping pulse containing 151 glutamate only (no cross-linkers), followed by trapping of the same patch in 152 glutamate and a cross-linker ( Fig. 2B-C) . Any run-down in the patch or possible 153 cross-linking of the cysteines to each other was then assessed from trapping in 154 glutamate only. Both mutants underwent some peak current reduction in 155 glutamate in the absence of cross-linker (A665C: 0.78 ± 0.03, n = 23, P < 156 0.0000001 vs. WT, V666C: 0.85 ± 0.02, n = 44, P = 0.003 vs. WT; WT A2: 0.97 words, disulfide crosslinking and rundown were minimal in these conditions. 166
Therefore, we pooled these data ( Fig. 2D-E) . 167 168 To confirm that the observed peak current reduction came from crosslinking 169 rather than monofunctional engagement of a cross-linker, we modified mutants 170 with MTSEA ( Fig. 1D ), which can interact only with a single cysteine. As shown 171 in Fig. 2D -E, MTSEA failed to inhibit either V666C or A665C above control (Ipeak 172 post-trap / Ipeak pre-trap for V666C: 0.89 ± 0.025, n = 3-4, P = 0.1; for A665C: 173 0.81 ± 0.06, n = 3-4, P = 0.8). This result also suggests that the mild oxidizing 174 environment created by MTS compounds at 1µM has little tendency to promote 175 disulfide bond formation. Thus, bifunctional MTS cross-linking was necessary 176 for the peak current reduction observed in desensitizing AMPA receptors. 177
178
The effect of all bis-MTS cross-linkers with respect to their length is summarized 179 in the trapping profile for desensitized V666C receptors ( and glutamate (Glu, 10 mM). Four pre-trap control pulses were followed by a 1-minute long trapping pulse 193 (red line) in Glu (10 mM) and M3M (1 µM). After the trapping pulse, the patch was exposed to 10 post-several seconds after the trap (grey dots; trecovery = 3.3 ± 0.4 s, n = 17). If the same patch is now trapped 203 in Glu and M8M (1 µM), the peak current reduction is much more pronounced and does not recover. (D) 204 Summary of the trapping effects for WT (black) and V666C (red) for cross-linkers M1M (7 Å) to M10M (18 205 Å). Trapping effect was calculated as the ratio of the post-trap and pre-trap peak current (arrows in A-C).
206
MTSEA is a monofunctional reagent and "w/o MTS" stands for "without MTS" (traps in Glu only, pooled 207 for all experiments). Dashed line indicates no effect. For peak current reduction in a bis-MTS vs. w/o MTS 208 (pooled), P < 0.0000001, for all cross-linkers. (E) Same as in (D), but for A665C (red) in cross-linkers 209 M3M (9 Å) to M10M (18 Å). A665C mutant in the presence and absence of an MTS cross-linker resulted 210 in P £ 0.02, depending on the cross-linker. For statistics vs. WT, see Suppl. Table 1 
217
In addition to positions 665 and 666, we also tested nearby positions 662 and 218 664 for their sensitivity to bis-MTS cross-linkers (Suppl. Fig. 1A ). The I664C 219 mutant showed similar levels of the peak current reduction to V666C (Suppl. 220 Fig. 1B-C ). However, we judged the I664C sulfhydryls were too far apart to 221 make effective use of the range of the available bis-MTS cross-linkers. Like the 222 A665C mutant, the S662C mutant showed considerable disulfide formation, so 223 we focused on the V666C mutant in further investigations. 224
225
Next, we wanted to test how specific the cross-linkers were in targeting the 226 inter-dimer interface of the LBD layer in our conditions. We generated another 227 single cysteine mutant, K493C (Armstrong et al., 2006) , positioned within LBD 228 dimers (Suppl. Fig. 2A ). Thus, bridging across the two cysteines should keep 229 the LBD dimers intact leading to block of desensitization. When we applied bis-230 MTS cross-linkers on K493C receptors (1 µM, for ³1 min), the effects were 231 profoundly different from the mutants at the inter-dimer interface: K493C 232 current underwent potentiation rather than inhibition, with shorter cross-linkers 233 (M1M, M3M and M6M) blocking the receptor desensitization almost completely 234 (Suppl. Fig. 2B -D). We also considered the possibility that bis-MTS cross-235 linkers might be spuriously cross-linking to wild-type cysteines on the receptor 236 or forming inter-receptor cross-links (Suppl. Fig. 3A ). If this were the case, the peak current reduction effect would be expected to scale with the number of 238 the receptors in the membrane (i.e. peak current), but no such correlation was 239 found (Suppl. Fig. 3B ). In addition, longer cross-linkers would be expected to 240 be more efficient in forging inter-receptor cross-links, but we found that the 241 longest cross-linker, M10M, was the slowest to react on desensitized AMPA 242 receptors (Fig. 2F ). The absence of the strong peak current reduction in the WT 243 receptors also speaks against the bis-MTS cross-linkers interacting with native 244 cysteine residues. These results led us to conclude that the bis-MTS cross-245 linkers are cross-linking cysteines introduced at the LBD inter-dimer interface 246 (V666C). 247 248
Cross-linked desensitized states are highly stable 249
Upon establishing specific and strong reduction of the peak current in 250 desensitizing V666C receptors by the bis-MTS cross-linkers, we next sought to 251 examine the stability of trapped states. The more stable the trapped state, the 252 longer we would expect that it takes for trapping effects to reverse, and vice 253 versa. The fastest recovery after trapping was observed with M1M (t = 30 ± 254 7 s, n = 5) and the time constant of the peak current recovery could be 255 measured by directly fitting the peak current of the post-trap control pulses (grey 256 dots in Fig. 2B ). With longer bis-MTS cross-linkers, the recovery time increased 257 to minutes, making direct measurements of the recovery time from post-trap 258 control pulses impractical. Instead, the experimental design was adjusted to 259 allow measurements of long recovery times as described in Experimental 260
Procedures and Fig. 3 . After the receptors were trapped with M3M for 1 minute, 261 the peak current in the patch did recover, but very slowly, taking over 10 262 minutes (600 applications of glutamate) to reach the pre-trapping levels. With 263 longer cross-linkers, the peak current was essentially irreversible over the 264 
270
Protocol to measure recovery from trapping. To obtain a stable baseline response to glutamate, we first 271 repeated brief glutamate applications in reducing conditions (1 mM DTT). In the given example, we gave 272 17 pulses (100 ms, 1 Hz). (B) In the following step, the patch was exposed to 1 µM cross-linker (here 273 M3M) and 10 mM Glu for 1 minute, with control pulses before and after the trap. (C) After the trapping 274 protocol, the patch was again exposed to fast, reducing glutamate jumps like in (A) in order to follow 275 recovery of the response. In this example, we could record 1230 consecutive episodes (~20 min) and 276 obtain almost complete recovery. Note the difference between the current amplitude in the 1 st episode 277 (grey) and the 1230 th episode (red). The recovery of the patch current (Ipeak) in typical experiments for 278 different cross-linkers is plotted in panels D -F (panel E is the same patch as panels A -C). Black dots 279 show the response before the trap and red dots the peak current after the trap. The gap in red dots in (D) 280 represents a switch between recording protocols. (G) Summary of the peak current recovery for different 281 cross-linkers. The percentage of recovered current is the ratio of the peak currents recorded ~10 min after 282 the trap to the peak current before trapping. Dashed red line denotes a limit after which no recovery of 283 the current could be measured within 10 min after the trap. (H) Plot of recovery time from trapped receptors with a disulphide bridge formed between the two V666C residues at 288 inter-dimer interface fit in well with this trend, recovering in seconds following 289 100 s exposure to the oxidizing agent CuPhen (A.P. and Hector Salazar, shallow parabola, the extents of trapping active state could only be satisfactorily a favored LBD separation of 15 Å, greater than the optimum of desensitized 319 receptors (11 Å). 320
321
The less profound inhibition we observed in non-desensitized receptors led us 322 to investigate the possibility that M10M modifies non-desensitizing V666C 323 receptors in other ways than current amplitude reduction. We measured the 324 rate of receptor deactivation before and after the trap in M10M in the presence 325 of CTZ and found no difference (Suppl. Fig. 4 C-D, tpre-trap = 1.7 ms ± 0.2, tpost-326 trap = 1.6 ± 0.2 ms, n = 8, P = 0.05 (paired randomisation test)). We considered 327 the possibility that non-desensitizing receptors were modified by M10M, but in 328 a way that was silent to our electrophysiological approach. We tested this 329 scenario with the following experiment: a patch with V666C receptors was first 330 trapped in M10M and CTZ; CTZ was then washed-out the patch and freely 331 desensitizing V666C receptors were exposed to M10M only (Suppl. Fig. 4A ). If 332 non-desensitizing V666C receptors had been silently modified by M10M, then 333 a fraction of the receptors should have been protected resulting in the reduced 334 sensitivity to further trapping by M10M. V666C receptors initially exposed to 335 M10M in the presence of CTZ were modified to the same extent as naïve 336 receptors by M10M once CTZ was unbound (Ipeak post-trap / Ipeak pre-trap for 337 V666C initially trapped in CTZ: 0.23 ± 0.04, n = 6 and for V666C never trapped 338 in CTZ: 0.30 ± 0.03, n = 16, P = 0.07; Suppl. Fig. 4B ). Taken together, these 339 results strongly suggest that the reduced inhibition reflected state dependent 340 protection from modification. 341 342
Auxiliary subunits do not alter the geometry of desensitized receptors 343
Trapping with bis-MTS cross-linkers so far indicated more conformational 344 flexibility of the LBD layer in desensitized than activated AMPA receptors. To test whether bis-MTS cross-linkers perhaps act on non-complexed V666C 401 receptors only, without affecting V666C-Stg complexes, we measured the 402 KA/Glu current ratio before and after the bis-MTS trap for a series of patches. 403
We reasoned that if only non-complexed V666C receptors were being modified, 404
the glutamate-activated current should reduce, but the kainate current (which 405 
Stargazin maintains active receptors in a compact arrangement 427
The trapping profile of V666C-Stg complexes (orange in Fig. 5D ) reflects the 428 partial protection from trapping in the presence of Stg for all cross-linker 429 lengths, but its overall shape is practically superposable onto the trapping 430 profile of desensitized V666C receptors without Stg (red, dashed line in Fig.  431   5D) . Strikingly, the two curves reach their minimum at the same point of 11 Å 432 (triangles in Fig. 5D) Technical advances in cryo-electron microscopy have revolutionized the study 471 of membrane proteins, and the supply of structural information is greater than 472 ever before. However, as the catalogue of images swells, the need to relate 473 their geometry to dynamics becomes ever more pressing. In case of AMPA state. Indeed, all inter-dimer constraints seem to be inhibitory (Plested and we could potentiate receptors as shown previously (Armstrong et al., 2006) . It 502 appears that crosslinks between dimer pairs, or indeed any restriction between 503 the active dimers, leads to a decrease in activity. 504
505
In Fig. 7A-B , the trapping profiles of V666C receptors with the available 506 structural models of GluA2 in the equivalent condition are compared. The 507 shallow trapping profile of desensitized AMPA receptors (Fig. 2G) was present in the active state. There, the most readily accessible separation 519 of V666C residues was at 15 Å (green in Fig. 7B ) with 19 Å separation, 520
predicted by the structural model (PDB: 4UQ6), taking longer to populate. 521
Notably, 'dilations' of extracellular domains were also seen in antagonist-bound 522 NMDA receptors (Zhu et al., 2016) . 523
524
The presence of Stg leads to universal attenuation of the cross-linking effect, 525 for all bis-MTS lengths and both functional states, desensitized and active 526 (orange and blue in Fig. 7A and B, respectively) . This result seems to chime 527 with structural experiments, where the presence of Stg made the LBD layer 528 more compact. In the desensitized state, the shape of the trapping profile is the 529 same, with or without Stg (Fig. 7A) , with both parabola reaching a minimum 530 point at 11 Å (triangles in Fig. 7A ). This is in excellent agreement with the 531 structure of desensitized GluA2-Stg complex (PDB: 5VOV). In the active state, and long (7 or 15 Å) bis-MTS reagents failed to inhibit currents in the first minute 534 of trapping, indicating more compact LBD arrangements over this timescale 535 than obtained in the structures. 536
537
The protection from trapping in our cross-linking experiments most likely has 538 multiple origins. Although "protection" could result from a persistent long-539 distance separation, outside the range of the crosslinkers, several observations 540 and common sense speak against this possibility. First, we previously showed 541 that active receptors (glutamate + CTZ) could be trapped by zinc bridges in 542 compact arrangements (Baranovic et al., 2016) . Second, the long distance 543 must be maintained throughout the exposure, because any transit between 544 compact and dilated arrangements must pass through intermediate 545 separations, allowing crosslinkers to span the gap. Third, even the most dilated 546 structures are in the range of crosslinker lengths that we used. Fourth, the 547 mixed trapping condition for Stg-complexes in the absence of CTZ apparently 548 supports desensitized state trapping over a wide range of geometries but no 549 additional active state trapping. We reasoned that the best explanation is 550 reduced accessibility of cysteine residues during exposure to bis-MTS, perhaps 551 because the Cys666 residues are buried against other subunits or oriented 552 such that the V666C side chain makes the sulfhydryl group inaccessible for 553 cross-linking. This interpretation would mean that the active LBD tetramer is 554 even more compact than that seen in CryoEM structures with Stg(Chen et al., We presume that the basal compactness of the LBD layer is related to 590 observation that longer cross-linkers have slower trapping rates, indicating slow 591 adoption of 'dilated' conformations. We cannot rule out the possibility that slow 592 reaction times are somehow linked to the bis-MTS mechanism itself, but 593 alkylthiosulfonates are generally distinguished by their extremely rapid 594
Physiological activation and desensitization of AMPA receptors takes place on 614 a millisecond timescale, and we monitored this process wherever possible 615 during our experiments. Generally, the remaining current responses were not 616 altered following bis-MTS exposures. The fast gating contrasts to desensitized 617 states trapped by bis-MTS cross-linkers that are accessed after minutes-long 618 exposures to glutamate (Fig. 2F ) and take tens of minutes to recover (Fig. 3) . 619
Though we necessarily worked at low bis-MTS concentrations to avoid 620 confounding effects like chaining and non-specific modification, mandating slow 621 trapping, the slow recovery from trapping is striking. It seems reasonable to 622 assume that the degree of stabilization by different crosslinkers is similar, and 623 that the difference in stability comes from the states themselves. This idea is 624 supported by the cut-off that we observe -for crosslinkers longer than 10 Å, 625 crosslinking in desensitized states is irreversible over 10 minutes. In contrast, 626
AMPA receptors trapped through disulphide bridges at the same sites recover 627 in hundreds of milliseconds (Lau et al., 2013; Salazar et al., 2017) . Assuming 628 that the length of the bis-MTS cross-linkers reflects level of structural 629 rearrangements and following the trend plotted in Fig. 3H , this suggests that 630 AMPA receptors exposed to brief glutamate transients at synapses are unlikely 631 to undergo extreme conformational changes, due to their complexation with 632 auxiliary subunits. 633
634
Long agonist exposures of minutes to hours are necessary in structural biology 635 experiments and could, thus, contribute to the prevalence of more 'relaxed' 636 conformations in full-length structures without auxiliary subunits (Fig. 8) . 637
However, long exposures to agonists are at odds with synaptic conditions 638
where AMPA receptors see glutamate on a millisecond timescale, before it is 639 actively cleared by transporters (Clements, 1996) . Furthermore, any large 640 structural rearrangements of the extracellular domains would need to be 641 
Patch clamp electrophysiology 734
Ligands and drugs were applied to outside-out patches via a custom made 4-735 barrel glass (VitroCom, USA) mounted to a linear piezo-electric wafer 736 (PiezoMove P-601.4, PI, Germany) (Lau et al., 2013) . Two barrels were 737 perfused with control solutions and the third barrel with the trapping solution, 738 as described below. All patches were voltage clamped at -40 mV unless stated 739 otherwise. Currents were low-pass filtered at 10 kHz (-3 dB cut-off, eight-pole 740
Bessel filter) using an Axopatch200B amplifier (Molecular Devices, U.S.A.) and 741 acquired with AxographX software (Axograph Scientific, Australia) at 20 kHz 742 sampling rate via Instrutech ITC-18 digitizer (HEKA, Germany). 743
744
To assess the effect of different bifunctional cross-linkers on AMPA receptors, 745 the receptors were exposed to the cross-linker (1 µM) for 1 minute. Before and 746 after this trapping exposure, the current in the patch was tested with four control 747 pulses that contained only 10 mM glutamate, without the cross-linker and in the 748 presence of DTT (1 mM) as a reducing agent ( Fig. 2A-C) . Four control pulses 749 before application of the cross-linker provided a measure of the patch current 750 before any exposure to the cross-linker. Accordingly, (up to thirty) control 751 pulses recorded after the MTS application, were used to assess any changes 752 in the patch current imparted by the cross-linker treatment. 753
754
For recordings of A2 receptors co-expressed with auxiliary subunit Stargazin, 755 care must be taken that A2 receptors are indeed associating with Stargazin. 756
One strategy to minimize the presence of lone V666C receptors relies on the 757 relief of spermine (polyamine) block at positive voltages imparted by 758 complexation with Stargazin (Carbone and Plested, 2016). Although we have 759 included spermine in the pipette solution and measured relieve of block for each 760 patch, we did not perform recordings at positive voltages, as the currents were 761 not stable enough during minutes-long trapping protocols. Instead, a change in 762 kainate efficacy was used as a marker of A2-Stargazin association as 763 described in the text. 764
Analysis 766
Trapping effects were quantified as the ratio of the average current after the 767 trap (determined from the post-trap control pulses 7-10, except in the case of 768 fast recovery, in which case the 2 nd post-trap control pulse was used) and 769 average current before the trap (determined from the 4 pre-trap control pulses; 770 arrows in Fig. 2A-C) : 771 772 773
In case of desensitizing receptors, peak current was measured and in the case 774 of non-desensitizing receptors, steady-state current. 775
776
In the presence of desensitization block (i.e. CTZ), the rate of trapping was 777 described with a monoexponential fit directly to the trapping pulse ( Fig. 4A) where min and max were the minimum and maximum time constants, n was the 784 slope and lhalf was length of the cross-linker giving the half maximal trapping 785 time. No physical meaning was ascribed to the fitted curve. Data were weighted 786 by the standard error of the mean (SEM) for the fit. To determine the rate of 787 recovery from trapping by MTS cross-linkers, the number of post-trap control 788 pulses was increased until full recovery was attained. An envelope of post-trap 789 peak current responses was then created in Igor Pro and fit with a 790 monoexponential. This approach was possible only for faster recovery rates, 791 on the time scale of seconds, such as recovery of desensitized V666C 792 receptors from trapping with M1M ( Fig. 2B and 3D ) and recovery of active 793 V666C receptors from trapping with M1M and M3M (Fig. 4A) . With longer bis-making direct measurements of the recovery time from post-trap control pulses 796 impractical. Instead, the experimental design was re-adjusted to allow 797 measurements of long recovery times as described in Fig. 3A -C. In brief, peak 798 current in the patch was initially recorded with 100 ms jumps into glutamate in 799 control conditions until it stabilized. Then, a trapping protocol was performed as 800 described above, with control pulses before and after the trap. After the trapping 801 protocol, the current in the patch was again monitored, for about 10 minutes, 802 with fast control jumps into glutamate in order to follow any potential recovery 803 of the peak current. In this time period, desensitized V666C receptors managed 804 to recover only from trapping by M3M ( Fig. 3E and G) , in which case the 805 recovery was fit with a monoexponential. 806
807
Trapping profiles ( Fig. 2G and 5D ) were fit with a parabola in Igor Pro: 808
where K1 defines the curvature, K0 the minimum effect and K2 the x value at 811 the minimum. Data points were weighted by the standard error of the mean 812 for the fit. 813 814
Computational docking 815
To investigate structures of the LBD tetramer that could preclude trapping by 816 blocking access to the Cys666 SG moiety, we treated each dimer as a rigid 817 body and subjected them to rotations and translations in the membrane plane. 818
Python scripts (available at github.com/aplested/cystance) were written as a 819 glue for PyMOL molecular manipulations and CCP4 functions to measure 820 geometry and exposure of the Cysteine (AREAIMOL, NCONT (Winn et al., 821 2011)). For each run, trial arrangements that reduced Cys666 SG accessibility 822 in subunit A whilst also keeping the dimers in close proximity (with minimal 823 atom clashes) and maintaining physiologically plausible in-plane linker 824 arrangements were retained as seeds for subsequent rounds, and the step 825 size was reduced. Trial arrangements with more than 10 atom clashes (<2. Supplementary Table 1 Statistics of trapping desensitized A2 wild-type (WT), 1005 A665C and V666C receptors with different bis-MTS cross-linkers. The 1006 statistics in the Table accompanies data in Fig. 2D-E P (vs. WT): < 10 -7 < 10 -7 < 10 -7 0.0004 0.0002 < 10 -7
